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A novel method was developed for the preparation of porous hematite (a-Fe2O3) thin films. First, a solution 
containing iron precursor was spin-coated on fluorine-doped tin oxide substrate and later short heat-treated at 





Keywords: 750 °C. The prepared a-Fe203 thin films were applied as dual-function catalyst in photoelectrochemical (PEC) 
a-Fe20; thin films . water oxidation and textile dye degradation studies. For the first time, a-Fe2O3 thin films were used in efficient 
Photoelectrocatalysis PEC degradation of a textile dye (Basic Blue 41 — B41) using in-situ generated reactive chlorine species. In 
Kinetics : i š : n , 

Visible light comparison with photocatalytic and electrocatalytic approaches, the PEC technique allows faster degradation of 
Degradation B41 dye at an applied bias potential of 1.5 V versus reversible hydrogen electrode and under visible light illu- 


mination. In the presence of Cl” using the PEC approach the degradation of B41 reaches 99.8%. High- 
performance liquid chromatography coupled with UV-VIS system confirmed the degradation of B41 dye using 
PEC. Gas-chromatography coupled to mass spectrometry was used to study the by-products obtained during PEC 
degradation. Chemical oxygen demand analyses confirmed that the mineralization level of B41 is in the order of 
68%. The «-Fe203 films developed in this study give a higher level of PEC degradation efficiency compared to 
other iron oxide-based systems. 


Textile dye 





1. Introduction 


The photoelectrochemical (PEC) approach has emerged as a prom- 
ising advanced oxidation process to eliminate a broad range of organic 
contaminants from wastewaters and indoor air [1,2]. The synergistic 
effect of electro- and photocatalytic processes in PEC has been shown to 
yield excellent performance for organic pollutant degradation [3,4]. It 
has been demonstrated that oxidation of organics using PEC can proceed 
via direct or indirect mechanisms [5]. The direct oxidation occurs with 
electron transfer between the organic molecules and the electrode. On 
the other side, the indirect oxidation involves strong oxidant species 
such as reactive chlorine species (RCS), hydroxyl radicals (eOH), 
hydrogen peroxide (H202), or sulfate radicals (SO ) [1]. Especially, 
indirect electro-oxidation using RCS such as chlorine radicals (Cle, 
Cl20`), chlorine (Cl2), hypochlorite ion (ClO), and hypochlorous acid 
(HOCI) showed as an efficient species for degradation of alcohols and 
carboxylic acids [6]. The most common source of Cl” ions include an 
electrolyte such as sodium chloride (NaCl). It is well-known that the C17 
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ions oxidation using the electrocatalytic (EC) or PEC approach yields Cl2 
gas. Depending on the solution pH, the obtained Cl may be stable under 
acidic condition (pH < 3.3), hydrolyze to either HOCI (3.3 < pH < 7.5) 
or ClO” ion (pH > 7.5) [7]. The relative oxidation power of HOCI is 80 
times higher than that of ClO™ and usually, PEC oxidation is more effi- 
cient in an acidic medium [8,9]. 

Titanium dioxide (TiO), as one of the most studied semiconductors 
in PEC studies, has been applied for degradation of various contami- 
nants such as sulfamethoxazole, fulvic acid, sodium p-cumenesulfonate, 
etc [10-13]. However, the large band-gap of TiO2 (~3.2 eV) limits its 
light-harvesting ability only in the UV region [14]. In this context, re- 
searchers have focused on semiconductor materials such as tungsten 
trioxide (WO3), bismuth vanadate (BiVO4), or Fe203, which absorb in 
the visible range [15]. Koo et al. demonstrated that WO3 with a 
band-gap of ~2.8 eV prepared by electrodeposition is efficient for PEC 
degradation of organics using in-situ generated RCS [7]. Other semi- 
conductors that possess a small band-gap include «-Fe203 (~2.1 eV). 
The use of a-Fe2O3 in PEC degradation of organics is mainly limited to 
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NaSO; and HClO; electrolytes, Zhang et al. have used «-Fe 03 films for 
PEC degradation of methyl orange and p-nitrophenol in Na2SO, elec- 
trolyte [16]. In the presence of NaSO; electrolytes and after applying 
sufficient voltage PEC produces reactive SO} radicals that take part in 
organics degradation [1]. Other reports where the main oxidant is the 
SO% radical include a-Fe203 thin films for degradation of methylene 
blue (MB) [17,18] or composites made of a-Fe.03/ZnO for removal of 
4-chlorophenol [19] and a-Fe203/Cu20 for degradation of oxytetracy- 
cline [20]. In similar ways, Suryavanshi et al. and Mahadik et al. have 
used a-Fe203 thin films to degrade MB and rhodamine B dyes in HC104 
electrolyte [21,22]. To the best of author’s knowledge, in the case of 
a-Fe203 PEC systems the main oxidants are in-situ generated SO} and 
eOH radicals [23]. However, standard potentials for the generation of 
eOH (2.80 V vs. NHE) and SOJ (2.60 V vs. NHE) are quite high, and 
their use presents a drawback in PEC oxidation of organics [1]. 

a-Fe203 is considered a promising material for PEC wastewater 
treatment because it is earth-abundant, non-toxic, and exhibits a small 
band-gap [24]. Besides its several advantages, Fe2O3 suffers from low 
absorption coefficient, low carrier mobility (<1 cm? V~! s71), short hole 
diffusion length (2-4 nm), and shorter excited state lifetime (~10 ps) 
[25]. To overcome these limitations, various strategies are employed, 
such as doping with various elements (Titt, Ptt, or Sn**) or the use of 
nanoparticles are convenient ways to achieve an enhancement in 
photocurrent response [26-28]. The approaches used for preparation of 
a-Fe203 thin films include hydrothermal [29], electrodeposition [30], 
sol-gel [31], atomic layer deposition (ALD) [32], chemical vapor 
deposition (CVD) [33,34], etc. One very common technique for the 
growth of Fe203 thin film is the CVD approach. This process involves the 
reaction of precursors in the vapor phase within a deposition chamber 
on a substrate surface [35]. In this way, the obtained films are typically 
non-conformal and granular [36,37]. On the other side, ALD produces 
very uniform Fe203 thin films and allows precise control over the 
thickness of the films. However, this technique usually uses expensive 
precursors like bis(2,4-methylpentadienyl) iron (ID [38], bis(N, 
N’-di-t-butylacetamidinato)iron(—ID [32],  tris(2,2,6,6-tetramethyl-3, 
5-heptanedionate) iron (III) [39], etc. Another drawback for ALD is 
the slow growth rate of materials [40]. Hydrothermal technique can 
grow directly thin films on substrates [41]. However, the small sizes of 
the vessels often used can be a limitation to grow large area metal oxide 
thin films. Therefore, it is important to employ an approach that avoids 
the use of expensive chemicals and apparatuses, toxic precursors, high 
vacuum systems, etc [42]. 

This study proposes a novel method for preparation of photoactive 
a-Fe203 thin films using spin-coating of iron precursors on fluorine- 
doped tin oxide (F:SnO2, FTO) substrates. The approach includes a 
short heat treatment step at 750 °C. The advantage of spin-coating is the 
simplicity of the procedure, which allows getting uniform coatings with 
defined thicknesses [43,44]. For the first time, a-Fe2O3 films were used 
in PEC degradation of a model B41 dye contaminant where the oxidative 
species include in-situ generated RCS. Reusability tests confirmed that 
the a-Fe203 films are stable and efficient during the degradation of the 
B41 dye. The selection of B41 dye was due the fact that it is a harmful 
effluent in the textiles industry [45]. High performance liquid chroma- 
tography coupled with UV-VIS detection (HPLC-UV/VIS) and gas 
chromatography-mass spectrometry (GC-MS) were used to monitor the 
degradation of B41 dye and to evaluate the by-products during degra- 
dation. Various operation parameters, including anodic potential, so- 
lution pH, electrolytes, and dye concentration, were investigated to 
determine the optimal conditions for B41 dye degradation. 


2. Materials and methods 
2.1. Chemicals and materials 


2-methoxyethanol (99%), ethyl acetoacetate, tetrabutylammonium 
perchlorate, iron (III) nitrate nonahydrate (Fe (NO3)3.9H20, 98%), 
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ethylenediaminetetraacetic acid (EDTA), Sodium thiosulfate (Na2S203), 
tert-butyl alcohol (TBA)), acetonitrile and methanol were purchased 
from Sigma-Aldrich. Polyvinylpyrrolidone (PVP, M.W. 55,000), sodium 
chloride (NaCl, 99%), sodium sulfate (Na2SO4, >99%), coumarin, so- 
dium hypochlorite (NaOCl) and ferrocene (99%) were purchased from 
Alfa Aesar. Ammonium chloride (NH4Cl, 98%) and 7-Hydroxycoumarin 
was obtained from Acros Organics. As a substrate was used an FTO on 
boroaluminosilicate glass (Solaronix, Swiss). A graphite block (99.9%) 
was purchased from Beijing Great Wall Co., Ltd. (China). Deionized 
water was used in all the experiments. 


2.2. Preparation of a porous a-Fe203 thin film 


The «-Fe203 photoanode was prepared by spin-coating method. 
Firstly, 7.7 umol of PVP was dissolved in 19.7 mmol 2-methoxyethanol 
and 7.7 mmol ethyl acetoacetate. Then, 2.0 mmol Fe(NO3)3.9 H20 was 
added into the above solution and stirred vigorously for 30 min. The 
obtained solution was spin-coated at 1000 rpm on FTO substrate and 
calcined at 750 °C for 10 min under air atmosphere. The heating rate 
was kept at 8 °C min |. The choice of boroaluminosilicate glass was due 
to its high thermal stability (softening point >900 °C). 


2.3. Characterization of the a-Fe203 thin film 


X-ray diffraction (XRD) pattern of the a-Fe203 electrode was 
collected within the 20 range from 10° to 90° with a constant step of 
0.03° using MiniFlex 600 W (Rigaku) diffractometer with Cu-K« radia- 
tion. Phase identification was performed with the PDXL software using 
the COD database. Diffuse reflectance spectrum is recorded on a Lambda 
650 UV-VIS spectrophotometer (PerkinElmer). The morphology of the 
a-Fe203 was studied using a scanning electron microscope JSM 7100F 
SEM (JEOL) equipped with a field-emission electron gun and coupled to 
an energy dispersive X-ray spectrometer (EDS) (Oxford Instruments). 
Transmission electron microscopy (TEM) and Scanning-TEM (STEM) 
studies were carried out with a JEOL 2100F. EC and PEC measurements 
were done in a three-electrode system with a Cappuccino cell (Fig. S1). 
An O-ring was used to define the electrode area to 0.283 cm”. The po- 
tential of the working electrode was controlled by a potentiostat (EDAQ 
SP1). A graphite plate and a Hg/Hg2S0;4 electrode were used as the 
counter and reference electrodes, respectively. Experimentally 
measured potentials were converted to the reversible hydrogen elec- 
trode (RHE) scale using the Nernst equation: Egye = Eyg/ig2so4 + E'Hg/ 
Hg2so4 + 0.059 x pH. In this equation, Eng/Hg2s04 was the measured 
potential against the Hg/Hg2SO, reference electrode and E%ig/ig2s04 
was taken as 0.65 V at 25 °C. The electrochemical impedance spec- 
troscopy (EIS) of «-Fe203 thin films were studied under the light in 0.1 M 
NaSO; solution at various potentials from 1.0 to 1.6 V vs. RHE. The 
applied frequency ranged from 10 pHz to 1 MHz with an amplitude of 
10 mV. The measured EIS data was fitted using the Zview software. The 
Mott-Schottky (M-S) studies were carried out in a three-electrode sys- 
tem in 0.1 M NaSO; solution (in the dark). Frequencies of 1 and 2 kHz, 
10 mV amplitude, in the potential range from 0 to 1.0 V vs. RHE were 
applied. 


2.4. PEC degradation of B41 dye 


The degradation of B41 was conducted in a two-compartment PEC 
cell comprising photoanodic (75 mL) and cathodic (55 mL) chambers 
separated by a proton exchange membrane (Nafion-115) (Fig. S1). All 
the experiments were performed at 25 °C using a-Fe203 thin film as a 
working electrode (area 6 cm”), Hg/Hg2SO, electrode as the reference 
electrode, and a graphite plate as the counter electrode. The counter and 
working electrodes are kept 3 cm apart. The dye degradation was 
studied in the presence of different supporting electrolytes such as NaCl, 
NH,Cl, and Na2SO,. An LED light source (Aex 400 nm, 20 W) was used to 
illuminate the PEC system (distance —7 cm). The incident light intensity 
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(6 mW cm~?) was measured using an optical power meter (Thorlabs 
PM320E Dual-Channel Optical Power & Energy Meter Console. The LED 
light spectrum is provided in Fig. Sle. The degradation of B41 dye at 
different reaction times was monitored using a Perkin Elmer Lambda 25 
UV-VIS spectrophotometer. The concentration of free chlorine species 
mainly as HOCI was estimated by measuring the absorbance at 515 nm 
of N,N-diethyl-p-phenylenediamine (DPD) colorimetric test kits (tube 
test Nanocolor chlorine/ozone 2, REF 985017) [7] with a UV-VIS 
spectrophotometer (Macherey Nagel, Nanocolor 500d) for a concen- 
tration range of 0.0-2.5 mg-L |. Chemical oxygen demand (COD) of B41 
solutions were determined using a colorimetric approach with K2Cr207 
(Macherey Nagel, Nanocolor CSB 160). The HPLC-UV-Vis (from now on 
just HPLC) analyses were carried out on an Agilent 1100 system using a 
Phenomenex C18 Luna column (dimensions 150 x 2.0 mm; particle size: 
3 um) at 50 °C. Injection volume of the samples was 5 pL. Gradient 
elution was performed using 5 mM H2SO4 aqueous solution (mobile 
phase A) and acetonitrile (mobile phase B) from 0 min (100% A) to 17 
min (30% A and 70% B) at the flow rate of 0.3 mL min~!. Three 
detection wavelengths were chosen: 210 and 600 nm. Cyclic voltam- 
metry (CV) was used to measure (scan rate: 50 mV s7) the redox po- 
tentials of B41 dye using glassy carbon as the working electrode, 
graphite as the counter electrode, and Ag/Agř electrode as the 
pseudo-reference electrode. Formation of eOH radicals was studied 
using photoluminescence measurements (FL920 spectrophotometer, 
Edinburgh Instruments) with coumarin. GC-MS from Agilent (5977B 
GC/MSD) was employed for identifying mass spectra of degraded 
products (GC-MS conditions described in Supplementary Information). 


3. Results and discussion 
3.1. Characterization of a-Fe203 photoanode 


XRD patterns of the pure FTO/glass substrate and the a-Fe203 thin 
film deposited onto the FTO/glass are shown in Fig. 1. The intense 
diffraction peaks at 35.58° and 63.91° (20) correspond to (104) and 
(300) crystal planes of the hexagonal a-Fe203 (R3c (167); PDF# 
2101169). The crystallite sizes of «-Fe203 calculated using the Scher- 
rer’s gave an average size of 38 nm. Besides «-Fe203 peaks, intensive 
peaks are seen from the FTO substrate. These intense diffraction peaks 
were indexed to the SnO2 phase typical for tetragonal rutile structure 
(P42/mnm; PDF# 2101853). 

UV-VIS spectroscopy was used to determine the optical band-gap 
(Eg) of a-Fe203 film (Fig. 2). Using the Tauc equation and assuming an 
indirect transition, the E; is estimated from the following relation: 
(ahv)! = A (hv — Ez), where ais the linear absorption coefficient of the 
material, hv is photon energy, and A is a proportionality constant. The Eg 
value taken from the intercept is equal to ~2.0 eV (inset in Fig. 2). This 
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Fig. 1. XRD patterns of FTO (F:SnO2) and a-Fe203 coated on FTO substrates. 
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Fig. 2. An absorbance spectrum of a-Fe20; thin film. The inset is a Tauc plot. 


value matches the Eg of a-Fe203 reported in the literature (1.9 — 2.2 eV) 
[46,47]. 

Structural characterization of a-Fe2O3 was achieved using TEM. A 
scratch made on the a-Fe20O3 film allowed us to collect materials on the 
Cu grid. Fig. 3a shows an agglomerate composed of Fe203 particles. 
High-resolution TEM showed that the lattice spacing is equal to 
0.185 nm, which closely matches with the (024) crystal plane of hex- 
agonal «-Fe203 (Fig. 3b). The selected area electron diffraction (SAED) 
pattern shows that these particles are polycrystalline (Fig. 3c) [48]. The 
diffraction rings in the SAED pattern can be indexed to the (104), (110), 
(116), and (214) of a-Fe203. Elemental mapping was used to determine 
the ratio and distribution of elements in the a-Fe203. Fig. 3e, f shows 
uniform distribution of Fe and O elements (at% ratio 2:3) in the 
agglomerate. The morphology of the a-Fe203 film was studied using 
SEM. Thermal annealing in air at 750 °C generates a porous a-Fe203 film 
(Fig. 3g, h). The pore (e.g., void) formation was ascribed to the PVP 
polymer, which after heat treatment at 450 °C burns and generates these 
voids. In earlier studies, it was shown that adding organic polymers such 
as PVP as a pore-forming agent allows fabricating porous metal oxide 
thin films and achieve an improvement in the photocurrent performance 
[49,50]. To estimate the film thickness and achieve better image 
contrast between different phases, a SEM image was acquired using a 
back-scattered electron detector. Fig. 3h shows a cross-section view of 
the electrode where the FTO layer appears slightly brighter, while the 
a-Fe203 layer is a little darker. The film thickness was found to be about 
303 nm. The voids seen inside the a-Fe2O3 film are because of over- 
lapping a-Fe203 layers formed during two subsequent coating and 
heating processes. Further, EDX lines of Fe and O elements were used to 
confirm the stoichiometric composition of a-Fe2O3 (Fig. 3i). 

Fig. 4a shows the linear sweep voltammogram (LSV) of a-Fe203 thin 
film in the dark and under illumination (A,,, 400 nm) in 0.1 M Na2SOx4. 
The lack of photocurrent under dark in the potential range from 0.6 to 
1.6 V vs. RHE shows that the film is not catalytically active. However, 
upon illumination, the steep increase of current density above 0.88 V vs. 
RHE (the onset potential) shows that water oxidation reactions (O2 
evolution) occur at the electrode surface. Further, the stability of the 
Fe203 thin film was studied by recording the photocurrent at an applied 
bias of 1.5 V versus the RHE (see inset in Fig. 4a). The results confirmed 
that the «-Fe203 photoanode shows decent stability during the 4 h test. 
The drop of photocurrent stabilized at 1.5 mA starting from the initial 
value of 2.0mA. The effective electrochemical active surface area 
(ECSA) determined from the double-layer capacitance (Ca) of the elec- 
trode surface was obtained from EIS data in a non-Faradic region. Fig S2 
shows a Nyquist plot for a-Fe203 thin film in the frequency range from 
0.1 Hz to 10 kHz recorded with an amplitude of 10 mV. The calculated 
ECSA is found to be around 1.96 cm? which is much higher than the 
geometrical area (~0.283 cm?) (Table S1). In the present work, the 
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Fig. 3. (a) Bright-field STEM image of a-Fe203 and its corresponding element maps of (d) C, (e) Fe and (f) O. (b) HR-TEM image of a-Fe203 lattice and (c) SAED 
pattern taken from (a). Top-view (g) and cross-section view (h) of the a-Fe203 thin film. In (i) are given the EDX spectra recorded from the image in (h) for the FTO 


and a-Fe203 layers. 


photocurrent density of film (mA cm~?) was given based on its geo- 
metric area unless specified to its ECSA. With the goal to construct the 
energy diagram of a-Fe203, M-S studies were conducted at several fre- 
quencies. Fig. 4b shows an M-S plot of a-Fe203 film where the curves 
exhibit a positive slope, which is an indicator for an n-type semi- 
conductor. An important parameter of the semiconductor electrodes is 
its flat-band potential (Vgg). According to the depletion layer model, the 
capacitance of the semiconductor space charge layer (C) depends on the 
applied potential (V) and can be estimated from the M-S equation [25]: 


1 2 ET 
C2 \eco£A?Np Fe) 


Where e is the electron charge, £o is the vacuum permittivity, ¢ is the 
dielectric constant of a-Fe203 (e = 80) [51,52], A is the surface area of 
the electrode, k is the Boltzmann constant, Np is the donor density, and T 
is the absolute temperature. Extrapolating the linear region of the M-S 
curve and reading the intercept value on the abscissa gives the Vpg. The 
obtain Vpg values are equal to 0.28 V at 1 kHz, and 0.25 V at 2 kHz vs. 
RHE, which are close to the literature reported values [51]. The Np 
values were determined from the slope (S) in the M-S plot by the 





a (1) 
e 


following formula [53]: 


= 2 
OT eeyeA2S 


(2) 


The calculated Np values of the a-Fe203 film are equal to 2.14 x 102° 
(1 kHz), and 1.40 x 102° em~? (2 kHz), which are comparable with the 
reported value 6.1 x 107° cm? for a-Fe 03 thin films [25,54]. To un- 
derstand the origin of the PEC activity, EIS studies were performed using 
the a-Fe203 thin film. Fig. 4c shows the Nyquist plot under different 
applied potentials in the range from 1.0 to 1.6 V vs. RHE. As expected, 
with the increase of bias potential, the recorded impedance signal de- 
creases. After fitting the EIS data with an appropriate equivalent circuit, 
the charge transfer resistance was obtained (Fig. 4d). The circuit 
element consists of a series resistance (R,), the charge-transport resis- 
tance in bulk (R1) given with the semi-circles observed in the high fre- 
quency region, and the constant phase element (Q1) which relates to the 
capacitance of bulk material. The higher arc in the low frequency region 
reflects the charge transfer resistance at the electrode/electrolyte 
interface (R2) and the space charge layer capacitance (Q2) [55,56]. The 
R2 represents the hole-to-oxygen transfer resistance during water 
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Fig. 4. (a) LSV of a-Fe203 in 0.1 M Na2SO, (pH 5) under chopped illumination. The inset is a current vs. time recorded at 1.5 V vs. RHE. (b) M-S plot of a-Fe203 
photoanode in 0.1 M Na2S04. (c) Nyquist plot of a-Fe20; thin film in 0.1 M Na2SO, under illumination. (d) Charge transfer resistance (R2) versus applied voltages 


(inset is the equivalent circuit element). 


oxidation reaction. EIS measurement of a-Fe203 showed low R2 at 
higher bias voltages, which indicates a fast charge-transfer kinetics. 


3.2. PEC degradation of B41 dye 


The textile B41 dye was used as a model pollutant in PEC degrada- 
tion studies (Table S2). Fig. 5a shows the absorption spectra of B41 dye 
in 0.02 M NaCl at various degradation time intervals using PEC. The 
degradation of B41 using a-Fe203 thin film was monitored by taking 
aliquots and recording the absorption peak at 610 nm. The degradation 
efficiency (D) was calculated using the following equation: D(%) = (Co 
— C)/Co x 100 (Fig. S3), where Co is the concentration at zero time 
(t = 0 min) and C is the concentration at the specified reaction time 
[21]. Fig. 5b displays the degradation of B41 using different approaches 
in 0.02 M NaCl. In the case of EC approach B41 degradation was limited 
to 22.1%. Similarly, the photocatalysis (PC) approach also yielded low 
degradation values in the order of 12.6%. In the presence of Cl” using 
the PEC approach the degradation increased significantly (99.8%), thus 
indicating that RCS promote the dye decomposition. COD approach was 
used to prove the mineralization of B41 dye. For the PEC experiment in 
0.02 M NaCl the COD levels dropped from 149 mg L`! (before treat- 
ment) to 49 mg L`! after 70 min. Therefore, the PEC treatment allows 
partial mineralization of B41 dye. 

A pseudo-first-order kinetic was used to fit the experimental data 
using the following equation: In(C/Co) = —k,t, where C and Co are the 
concentrations of dye at time tand time zero, and kı is the first order rate 
constant (see Table S3). Using the PEC approach, in the presence of C17 
ions, kı = 0.0881 min”! was found to be 23 and 41 times higher than EC 
(kı = 0.0038 min") and PC (kı = 0.0021 min7}), respectively (Fig. 5c). 
The obtained kı constants in Cl” electrolyte using a-Fe203 in this work 
are higher than other photoanodes reported in earliest studies. For 


example, using CdS/TiO2 catalyst during MB degradation under PEC 
condition yielded kı = 0.0109 min“! [57]. 

The PEC degradation of B41 in 20 mM NaCl is associated with 
different species such as eOH and RCS [58]. In agreement with this 
hypothesis, the evolution of RCS (e.g., HOCI/OCI”) was measured in the 
PEC system using the DPD colorimetric method [7]. The generated HOCI 
is over 2.5 mg L`! in 15 min (pH 5) (Fig. S4). This measurement shows 
that HOCI is formed and its concentration gradually increased during the 
dye degradation process. The results are consistent with the 
PEC-chlorine system where HOCI plays an essential role during degra- 
dation of acetaminophen, bisphenol A, and carbamazepine degradation 
in acid condition using WO3 photoelectrodes [7]. In a similar way, 
Zanoni et al. also showed that oxidation of Cl” to HOCI at TiO2 photo- 
anode occurs and the RCS generation has been proposed to help the PEC 
degradation of organic compounds [6,10,59,60]. Another indicator used 
to prove the generation of RCS during PEC was to monitor the formation 
of Clg using mass spectrometry (MS). From the photoanode compart- 
ment a Cl gas was collected using a syringe and later injected it into the 
MS capillary tube. Fig. 5d shows MS data which confirm the presence of 
Cl (m/z = 35); Clg (m/z = 70) and CO% (m/z = 44) species. The forma- 
tion of CO2 was ascribed to the mineralization of B41 dye during the 
degradation process. 


3.3. Dye degradation experiments under different conditions 


To understand the mechanism of dye degradation, different mole- 
cules/species were used as scavengers for photogenerated holes (EDTA), 
eOH radicals (TBA), and RCS (Na2S203) (Fig. 6a). It is interesting to note 
that PEC degradations of organic compounds could involve reactive 
oxygen species (ROS) such as eOH radicals. The photogenerated holes in 
the valence band of a-Fe203 could react with water molecules (H20) and 
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Fig. 5. (a) Absorption spectra of B41 dye recorded during PEC experiment. (b) Normalized concentration (C/Co) of B41 dye vs. time for EC, PC and PEC recorded in 
0.02 M NaCl. (c) Average reaction rate constant (min~!) for degradation of B41. (d) Ionic current vs. time of Cl, Clz, and CO3 recorded using MS. 


generate eOH radicals, while the photogenerated electrons in the con- 
duction band converted the molecular oxygen into superoxide radical 
anion (03 ) which on protonation yields HO} radicals and H202 [23,24]. 
The generation of eOH radicals may also involve a reaction between 
H20% and 05 . These possible reactions are given with Eqs. (3)-(8). 


Fe,03 + hv > Fe O03 (ht+ e`) (3) 
H,0 + h* > eOH + H” (4) 
O +e > OF” (5) 
037 + H20 > HO$ + `OH (6) 
2HO$ > H202 + O2 (7) 
H20; + O37 —> O, + eOH + OH (8) 


It is well known that EDTA is a good scavenger for the photo- 
generated holes [7]. In the present system EDTA indirectly blocks the 
formation of RCS (see Eq. (12)) and ROS species which result in lower 
dye degradation efficiency. On the other hand, TBA is an efficient 
scavenger of eOH radicals yielding a rate constant of 5 x 108 M~! s~! 
[61]. In the present system when TBA was used as a scavenger, the 
degradation of B41 dye is quite efficient which implies that generation 
of eOH radicals is negligible [11]. To probe the formation of eOH rad- 
icals coumarin was also used as a qualitative probe. It is well known that 
coumarin reacts with eOH radicals to form highly fluorescent 7-HC 
(peak at ~455 nm) [7,11]. The lack of emission peak from 7-HC in 
Cl” containing electrolyte suggest that eOH radicals’ formation is sup- 
pressed (Fig. S5). Adding in the solution Na2S203 scavenger inhibits the 
generation of RCS (e.g., HOCI), which in turns give lower dye degra- 
dation efficiency. Therefore, RCS plays a major role in the degradation 
of B41 dye. A comparative study between PEC and chemical oxidation 


with NaOCl (form of RCS) was also given in this study (Fig. 6b). Different 
concentrations of NaOCl electrolyte were added in the dye solution to 
drive the B41 dye decolorization. It was found that approximately 6 mM 
NaOCl was sufficient for dye decolorization which is comparable to PEC 
approach. This indicates that the decolorization of B41 is driven by 
in-situ generated RCS species. 

As stated in earlier studies on PEC decomposition of azo dyes, 
applied anodic potential can significantly affect the efficiency of dye 
degradation [59]. The effect of anodic potentials on B41 dye degrada- 
tion were studied at different bias voltages (Fig. S6). As expected, the 
results indicate that the degradation efficiency increased with the 
applied bias potential. As the anodic potential varied from 1.0 to 1.5 V 
vs. RHE, the photocurrent vs time (J — t) increased from 0.05 to 
0.3 mA cm™?. This explained that the photoelectric conversion effi- 
ciency could be improved at higher applied anodic potential, as it also 
makes an external electric field that suppress the recombination of the 
photogenerated electron-hole pairs [62]. 

A comparison of PEC degradation was given in different electrolytes: 
NaCl, NH,Cl and Na2SO,4. The LSV characteristics of a-Fe203 film 
recorded in these electrolytes together with the Tafel plot are provided 
in Fig. S7. As expected, the fastest degradation occurs in the presence of 
NaCl electrolyte (Fig. 7a). It seems that chloride ions rapidly react with 
the photogenerated holes, retarding the recombination of charge pairs, 
giving rise to higher photocurrent (Fig. S7a). The slower degradation in 
NH,Cl electrolyte is due to competitive oxidation of ammonium cation 
(NHZ) and B41 dye. The RCS generated in the PEC system includes 
HOCI/OCI and chlorine-based radicals (i.e., Cle, Clpe ). The Cle pro- 
duced by the photogenerated holes could oxidize the electron-rich NH 
ion to intermediate chloramine or N3 [63]. Ji et al., reported a selective 
transformation reaction of ammonia nitrogen to N2 with Cle using WO3 
photoanode [64]. Similarly, Zhang et al., demonstrated efficient 
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Fig. 6. (a) Normalized concentration of B41 dye during PEC degradation in the 
presence of 20 mM NaCl and different scavengers: 0.1 M TBA, 0.1 M EDTA, and 
0.1 M NazS203, pH 5. (b) Comparison of B41 degradation using PEC and 
chemical oxidation at different NaOCl concentrations. 


removal of ammonia using BiVO4/WO3 photoanode [65]. On the other 
side, in NHþ free systems the kinetic rate constant, k(Cle), between Cle 
and most aromatic molecules varies between 108 — 101° M7! s71 [66, 
67]. These high values allow efficient degradation of organics. When 
Na2SO, electrolyte was used, slow degradation of B41 was observed. In 
Cl” free environment only 48.9% of B41 was degraded after 70 min 
reaction. Here the degradation was attributed to the SOJ and eOH 
oxidizing species. However, in acidic environment SO4 radicals are less 
effective than eOH radicals which form favorably in alkaline solutions 
[68]. At pH 5 the generation of eOH is assumed to occur unfavorably. A 
simple comparison of «-Fe2O3 film used in this study with the literature 
reports showed that degradation is faster in the presence of Cl” ion 
(Table S4). Fig. 7b shows the effect of NaCl concentration on the 
degradation efficiency of B41 with «-Fe203 photoanode. The fastest dye 
degradation is observed when the concentration of NaCl was set to 
200 mM. However, the use of high concentration of NaCl is needless and 
in further PEC studies this value was fixed to 20 mM. The effect of pH on 
PEC degradation of B41 was investigated at pH 5 and 7 (Fig. 7c). The 
degradation process was faster at pH 5. The enhanced reactivity at low 
pH may be explained by the dominant presence of chlorine radicals (e.g, 
Cle, Clye ) or active chlorine species (HOCI) over eOH [10]. Another 
reason for the slower reaction at pH 7 is that the Vpp edge potential of 
a-Fe203 moves to the negative direction, reducing the driving force of 
Cl” ion oxidation [7]. 

Series of PEC experiments were also conducted at different initial 
concentrations of B41 dye ranging from 20 to 50 uM (Fig. 7d). As ex- 
pected, dye degradation is slow when the initial concentration of B41 
dye is high, which obey with the trend observed during the PEC 
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degradation of other organics pollutant [69]. The kinetic reaction that 
describes the azo dye photooxidation process can be associated with the 
Langmuir—Hinshelwood (L—H) model [70]: 

k,.KCo 


wT eR 0) 





where rg is the initial rate of reaction (M min™!), k, is the L—H reaction 
rate constant (M min™+), K is the L—H adsorption equilibrium constant 
(MÍ) and Co is the initial concentration of dye (M). The Lang- 
muir—Hinshelwood mechanism assumes surface chemical reaction be- 
tween adsorbed species. The adsorbed dye molecules on the electrode 
surface could participate in direct oxidation with the holes (h*) from the 
semiconductor. However, photoelectrocatalytic dye degradation in- 
volves parallel reactions with adsorbed Cl” ions or H20/OH~. PEC 
oxidation of the latter species can yield RCS or eOH radicals which can 
participate in indirect dye degradation [69,71]. Rearranging Eq. 9 with 
give the following expression [72]: 

1 1 1 


= = 1 
To k,KCo 7 k, ( 0) 





A plot of 1/ro versus 1/Co for PEC degradation of B41 in 20 mM NaCl 
shown in Fig. S8. The values of initial degradation rate rọ were deter- 
mined from slopes of the concentration versus time plots. The values of 
kr and K are estimated as following: k, = 3.01 x 107 M min™! and 
K = 3.35 x 10M 1. The high value of the constant K assumes a strong 
interaction of B41 with the a-Fe203 surface. The K constant is also 
connected to the standard free energy of adsorption, AG°, with the 
following equation [72]: 


AG°= —RTInK (11) 
Where R represent the gas constant (8.314 J mol! K’), T is the abso- 
lute temperature (298.15 K). The value of free energy AG? is 
—25.8 kJ mol! which can be calculated. The negative value of AG? 
indicate a spontaneous adsorption process of B41 on the a-Fe203 sur- 
face. In general, values of AG? around — 20kJ mol! or higher are 
consistent for the electrostatic interaction between the charged mole- 
cules and the electrode [72,73]. As for the adsorption K constant of Cl~ 
on surfaces there are limited studies. Ferro et al., reported the value of K 
(C1) = ~0.4 Mtin 0.01 M HClO, and 0.1-2 M NaCl using RuOg film 
[74]. So, competitive adsorption of B41 dye and Cl is expected to occur 
on a-Fe203 surface in the present system. 

The reusability tests of «-Fe203 photoanode were performed in the 
presence of B41 for five cycles (Fig. 8). The a-Fe203 film showed over 
99% degradation efficiency of B41. These results show that the a-Fe203 
thin film is stable against corrosion and could be reused in PEC studies. 
To strengthen this conclusion, morphology of the electrode surface was 
studied using SEM. As shown in Fig. 9a—d, the a-Fe203 electrode kept its 
morphology unchanged after the PEC process, which confirms once 
again the suitability of this material in PEC wastewater treatment. 


3.4. HPLC and GC-MS analyses 


To prove the degradation efficiency and mineralization of B41 dye, 
HPLC was used to check the formation of any by-products during PEC 
degradation. The HPLC chromatogram taken from a reference B41 
sample shows a well-defined peak at 14.0 min (0 min) elution time using 
fixed detection wavelengths at 210 and 600 nm. The disappearance of 
the absorption peak of B41 dye at 600 nm at 70 min elution time in- 
dicates braking of the azo bond in the dye molecule (Fig. 10a). During 
the degradation of B41 are detected, 210 nm wavelength, smaller peaks 
at 1.7, 12.0, 13.5 and 14.5 min (Fig. 10b). This indicated the destruction 
of the dye and appearance of new compounds that are structurally 
different from the parent compound. HPLC studies tests were also con- 
ducted with NH,Cl and NaSO, electrolytes, whereas the expected 
decrease of B41 absorbance values at 600 nm were little (Fig. S9a, b). 
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Fig. 7. Normalized dye concentration vs. time recorded using «-Fe203 thin films (PEC) at applied 1.5 V vs. RHE in: (a) different electrolytes (20 mM), (b) NaCl 
electrolyte (different concentrations), (c) different pH values and (d) varying dye concentrations in 20 mM NaCl. 
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Fig. 8. PEC degradation of B41 dye for five runs at 1.5 V vs. RHE in 
0.02 M NaCl. 


Fig. 11 shows a plot of B41 concentration at different reaction times 
(detected at 600 nm). The concentration of B41 dye reduced from 
12 mg L™! (t= 0 min) to 0 mg LL! in 40 min. The results confirm that 
the o-Fe203 photoanode exhibits good catalytic activity for B41 degra- 
dation in NaCl electrolyte. 

The degradation of B41 dye was also studied using GC-MS (Fig. S10). 
Aliquot was collected during the first 10 min of PEC degradation 
experiment. The total ion current chromatogram contains over 20 peaks 


which belongs to different by-products. Some of the main intensive 
peaks are ascribed to 4-hydroxypentan-2-one (m/z 102), 6-methyl-2,4- 
heptanedione (m/z 142), ethanoic acid (m/z 60), 3-amino-3-(4-hydrox- 
yphenyl)-propanoic acid (m/z 181), methylsulfanyl(methylsulfinyl) 
methane (m/z 124), etc (Fig. S11). In the sample collected at 40 min PEC 
degradation time, the intensities of the chromatographic peaks were 
quite low and obstructed the identification of possible by-products. 


3.5. Phytotoxicity test using Lepidium sativum L. 


Seed gemination and root growth of L. sativum was used to evaluate 
the phytotoxic effect of tested B41 dye solutions (Fig. $12). Inhibition 
(%), values are 6.7% and 8.5% for untreated and PEC treated B41 so- 
lutions, respectively (Fig. 12). The inhibition value for the untreated 
sample (before) is slightly lower in comparison after treatment, prob- 
ably due to the formation of more toxic degradation by-products in PEC 
treated sample where root growth is inhibited. Worth mentioning that 
sometimes during EC or PEC degradation of organics in the presence of 
Cl” ions could also form toxic chlorinated molecules or chlorates [75]. 
Koo et al., studied the formation of toxic chlorate (C103) which is a 
secondary product from RCS reaction using WO as photoanode in NaCl 
electrolyte. They showed that eOH radicals play a critical role in 
oxidizing Cl” to ClO3 [7,75]. However, the formation of ClO3 was 
recorded only under UV light but not under visible light irradiation [7]. 
It is assumed that in the present system the generation of ClO3 is less 
likely to happen. Therefore, the observed slight toxicity in PEC treated 
water solution could be attributed to the different by-products as seen in 
GC-MS analyses. Other useful parameters evaluated for the untreated 
and PEC treated B41 solutions are the relative germination percentage 
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Fig. 10. HPLC chromatograms of B41 dye at different PEC degradation time in 
0.02 M NaCl recorded at (a) 600 and (b) 210 nm detection wavelengths. 


(%): 102.2 (before), 95.45 (after); relative radicle growth (%): 93.3 
(before), 91.5 (after); and germination index (%): 95.46 (before), 87.3 
(after). The treated water gives lower values for all parameters. The 
germination indexes in this study are above 80% which means that B41 
solutions at the studied concentration (3 x 10” M) level show low or 
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Fig. 11. Decrease of B41 concentration during PEC degradation in the presence 
of 0.02 M NaCl and bias potential of 1.5 V vs.RHE as determined using HPLC. 


absence of phytotoxicity 


3.6. Degradation mechanism of B41 dye 


The degradation process is primarily associated with the generation 
of photogenerated charges (e~ and h*) in a-Fe203 catalyst upon exci- 
tation with light. The photogenerated h* at the photoanode has a strong 
capacity to oxidize water to O2 (1.23 V vs. RHE) [23,24]. In the presence 
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Fig. 12. Seed germination test for toxicity analysis of B41 solutions. 


of Cl” ions, water oxidation competes with the evolution of Cl) 
(E° = 1.36 V) or sometimes the formation of the energy demanding Cle 
species (E° = 2.47 V vs. NHE) (see Eq. (12)-(15)) [1]. Further, the 
in-situ generated Cl2, in an acidic medium (pH 5), will hydrolyze to 
HOCI as shown in Eq. (18). 


cl” + ht > Cle (12) 
eOH + Cl” > ClOHe™ (13) 
CIOHe ~+ H*— Cle + H2O (14) 
Cle + Cl” > Che (15) 
Cle” + Cle > Ch +C (16) 
2C17 > Cly + 2e7 (17) 
Cl (aq) + H20 > HOC! + HCI (18) 


It is unavoidable that in-situ generated Cle and Clge” species along 
with the HOCI may take part in the oxidation of dye molecule. The ex- 
periments with TBA and coumarin showed that the eOH radicals’ gen- 
eration is blocked (Eq. 4) [77]. Therefore, eOH radicals do not 
participate in dye degradation in the presence of Cl™ electrolyte. In 
parallel to indirect oxidation, it could also happen a direct oxidation of 
B41 dye at the a-Fe203 surface. To prove this hypothesis, CV technique 
was used to measure the redox potentials of the B41 dye (Fig. 13a). 
Later, the highest occupied molecular orbital (HOMO) and lowest un- 
occupied molecular orbital (LUMO) energy levels of B41 dye is calcu- 
lated. The HOMO level is determined from the first onset oxidation 
potential (Eox) at 0.88 V vs. Agt, — Eyomo (eV) = Eox — Efe + 4.8, in 
which Ef, is the oxidation potential of an internal reference molecule 
ferrocene (Efe = 0.15 V) (Fig. 13a), assuming the reference energy level 
of ferrocene/ferrocenium is 4.8 eV below vacuum [78,79]. Therefore, 
the HOMO level of B41 dye is Eyomo = —5.53 eV. The LUMO level of 
B41 (E,umo = —3.49 eV) is calculated from the following relation: 
E,umo = Eyomo + (hc/ À), where h, c and 4 are the Planck constant, the 
speed of light in vacuum and the maximum absorption light wavelength 
of B41 (610 nm), respectively. The energy diagram of a-Fe203 is con- 
structed using the measured Vpg value (Fig. 13b). It has been reported 
that the conduction band (CB) potential (Ecg) of n-type semiconductors 
is 0.1-0.2 V more negative than their Vpg values [25]. The CB of «-Fe203 
is estimated as Ecg = 0.18 V vs. RHE considering that Vpg = 0.28 V vs. 
RHE at 1 kHz, assuming that the CB edge is 0.1 V more negative than Vpg 
(Fig. 4b). With an E, value of ~2.0 eV for a-Fe203, the estimated valence 
band edge (Eyg) comes out to be 2.18 V vs. RHE. The results show that 
the Ecg of a-Fe2O3 is located lower than the HOMO of B41, which shows 
a good alignment to sustain direct oxidation of B41 dye. The PEC 
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Fig. 13. (a) CV of 1 mM B41 dye in acetonitrile recorded at a scan rate of 
50 mV s`! in 0.1 M tetrabutylammonium perchlorate and 1 mM ferrocene 
(internal reference). (b) The energy diagram of «-Fe2O3 and B41 dye is shown. 


experiments in Na2SO, electrolyte proved that direct oxidation of B41 
dye is less likely to happen since this reaction proceed slowly. It can be 
concluded that the faster oxidation in the presence of Cl” is because of 
the in-situ generated RCS species. 


4. Conclusions 


An elegant method is presented for preparing porous a-Fe2O3 thin 
films based on spin-coating and subsequent heat-treatment at elevated 
temperatures. The procedure allows precise control over «-Fe203 film 
thickness (~300 nm). Detailed electrochemical analyses of the «-Fe203 
electrode were performed using techniques like flat-band measure- 
ments, EIS, and LSV. The prepared a-Fe203 is a promising dual-function 
catalyst for water oxidation and dye degradation. For the first time, the 
a-Fe203 thin films were used in PEC degradation of B41 dye in the 
presence of Cl~ and SO4° ions. To find the optimum conditions for B41 
dye degradation, various parameters were studied such as dye loading, 
bias potential, pH, or different electrolytes. Results show that NaCl 
electrolyte gave the fastest dye degradation at pH 5. HPLC and GC-MS 
studied were used to monitor the degradation of B41 dye and the evo- 
lution of by-products. COD tests confirm that in Cl” electrolyte the 
mineralization efficiency is about 68% after the PEC treatment (70 min). 
A comparison of B41 dye degradation was also conducted using EC, PC 
and PEC approaches. While the EC and PC give poor degradation effi- 
ciency, the PEC system yields 99.8% efficiency. The a-Fe203 thin films 
yields efficient degradation of B41 dye because of in-situ RCS formed in 
the PEC system. 
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